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ABSTRACT  
With the expansion of nanotechnology, environment health and safety of engineered 
nanoparticles (NPs) need to be addressed to assure its sustainability. Several studies have shown 
the potential release of NPs in the environment through various sources and their impact in 
environment and aquatic organisms. However, majority of these research studies were conducted 
in laboratory conditions which may not truly reflect the environmental condition to understand the 
toxicity of NPs in real world scenarios. The bioavailability and toxicity of NPs can be influenced 
by various environmental factors as well as the characteristics of NPs itself. Silver nanoparticle 
(Ag NPs) are known to cause toxicity in aquatic organisms. Given that the toxicity mechanism of 
Ag NPs in the presence of abiotic factors are yet to be fully understood, this thesis focuses on the 
study of the toxicity of Ag NPs zebrafish embryos, aiming to understand the role of abiotic factors 
such as humic acid on developmental and cardiovascular toxicity. This study investigated the dose-
response toxicity effect of PVP-coated nanoComposix AgNPs (nAgNPs) and Sigma-Aldrich 
AgNPs (sAgNPs) on embryonic development of zebrafish embryos from 24 hpf to 80 hpf. This 
study also evaluates the impact of two humic acids, Suwannee River Humic Acid and Sigma-
Aldrich Humic Acid, on hatch rate, survival rate, heart rate and developmental deformities such as 
yolk sac edema, pericardial edema, and spinal curvature. The cardiovascular toxicity of Ag NPs 
was investigated by monitoring the heart rate of embryos at 72 hpf. The PVP-coating on the surface 
of NPs increased their dispersion in water and they were more toxic to the zebrafish embryos 
compared to the sAgNPs. Both NP types caused yolk sac edema in a concentration-dependent 
manner. Moreover, the presence of naturally occurring humic acid (Suwannee River) was observed 
to have a protective effect on Ag NP exposure and prevented acute toxicity in zebrafish embryos. 
However, sublethal toxicity such as decrease in heart rate and developmental deformities was still 
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observed in the presence of the humic acid. Interestingly, the humic acid purchased from Sigma 
Aldrich had no protective effect on Ag NP toxicity, highlighting the importance of including 
appropriate humic acid standards in NP toxicity experiments.  
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CHAPTER 1 – INTRODUCTION 
 
1.1. Nanotechnology and Nanoparticles 
Nanoparticles (NPs) are the materials that have at least one dimension ranging between 1-
100 nm and exhibit dimension-dependent phenomena (Food & FDA--D- 2014). These materials 
include: (1) incidental NPs, for instance diesel exhaust materials or gasoline by-products, as well 
as naturally occurring nano-sized materials such as viruses or volcanic ash; and (2) engineered 
nanoparticles (ENPs), which are intentionally manufactured nanoscale materials for a specific 
function (Yokel & MacPhail 2011)and are the focus of this thesis.   
The physiochemical properties of NPs are fundamentally different from those of individual 
atoms, molecules, and bulk materials with the same chemical composition (Gogotsi 2006). Owing 
to their small size and high surface area to volume ratio, NPs possess enormous structural 
possibilities due to their optical, chemical, and mechanical alternations to generate novel properties 
(Naidu & Pharmacy 2020).  
The synthesis, analysis and application of NPs has been exponentially growing over the 
last decade because of their unique properties and function (Sajid & Płotka-Wasylka 2020). The 
dynamic nature of NPs make them useful in many technological applications ranging from 
medicine (i.e. nanomedicine) for drug delivery, tissue engineering, imaging and diagnostic 
(Chakraborty et al. 2016),  materials science (e.g. paints), and consumer product (cosmetics, 
clothing and sunscreen) to environmental remediation (e.g. heavy metal removal; (Bowman et al. 
2012b). The size of NPs provides an opportunity for increased uptake and interaction with the 
biological system whereas the high surface to volume ratio permits unique catalytic and oxidative 
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reactions on ENP surface (Navya & Daima 2016). Metal based NPs such as copper (Cu), silver 
(Ag), zinc (Zn), gold (Au), and titanium dioxide (TiO2) are the most commonly used in consumer 
products due to their physiochemical properties, bactericidal action, and relatively low 
manufacturing cost (Schultz et al. 2012b). The Statnano database currently lists 9014 consumer 
products containing NPs from 2452 companies in 62 countries (Statnano 2015). For example, Ag 
NPs are widely used in sheets and clothing, carbon NPs are used in motorcycles and bicycles, TiO2 
NPs are used in various cosmetics, lotion and cream, and clay NPs are used in beer bottles 
(Chakraborty et al. 2016). Majority of these products are manufactured in the USA, China and 
Germany, who are the three leading nations in research and development in nanotechnology (Dong 
et al. 2016) 
Nanotechnology is a rapidly growing multibillion-dollar industry which involves the 
control and manipulation of matter at the nanoscale range from 1 to 100 nanometers where “unique 
phenomena enable novel applications” (Xenaki et al. 2020). Incorporating nanoscale science, 
engineering and technology, nanotechnology involves design, fabrication, characterization and 
utilization of materials, devices and systems with fundamentally new properties and functions 
through the control of matter at this nano scale (Ramsden 2016). Nanotechnology can significantly 
influence the way we live, how we connect and communicate with others, what we produce, the 
way we produce and utilize new forms of energy, and how we clean up the environment (Roco, 
Mirkin & Hersam 2011). Over the past decade, nanotechnologies have found numerous 
applications in the field of food and agriculture, electronics, energy, cosmetics and health 
(Kargozar & Mozafari 2018). Nano-based product production has been increased thirty fold 
between  2011 and 2015 (Vance et al. 2015) and it is estimated that the global nanotechnology 
industry will hit US $75.8 billion by the end 2020 (Faunce & Kolodziejczyk 2017). 
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It is a widely accepted fact that nanotechnology will be the next industrial revolution. For 
example, advancement in nanotechnology offers exciting opportunities to expand and transform 
the entire agri food industry promising to improve the global food production as well as nutritional 
value, flavor, texture, quality and safety of food (Ill-Min et al. 2017). Nanotechnology is predicted 
to facilitate the production of genetically improved crops, and safer and more efficient chemical 
insecticides and pesticides, thus improving crop productivity by controlling the environmental 
variables and implementing targeted measures (Chen & Yada 2011). Research is also being 
conducted on potential new nano sensors to enhance detection of pathogens in food systems (Nile 
et al. 2020) and NPs are also being used in food processing approaches (Thiruvengadam, 
Rajakumar & Chung 2018). This includes nutraceuticals incorporation, gelation and viscosifying 
agent, mineral and vitamin fortification, nutrient propagation and nano-encapsulations of flavors 
(Huang, Yu & Ru 2010).  
In medicine, the application of  nanotechnology has the potential to revolutionize medical 
procedures, diagnosis (Arora et al. 2011), treatments and therapies with advances in medical 
imaging, tissue regeneration, drug delivery (Kumari, Ghosh & Biswas 2016), and  new medical 
products development (Naidu 2020). The high surface area of NPs can be adequately adjusted to 
improve the pharmacokinetic properties, increase the lifetime of vascular circulation, as well as 
improve bioavailability for drug delivery biomedical applications (Chaudhry, George & Watkins 
2009). Moreover, the use of nanocarriers based on carbon nanotubes, titanium dioxide (TiO2), 
fumed silica (SiO2), and dendrimers can be used as safer and more efficient drug delivery systems 
as they are designed to reach the targeted site as compared to other drug carriers (Ali et al. 2019; 
Cheng et al. 2008; Wicki et al. 2015).  
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Nanotechnology has also enabled recent advancements in energy systems, such as energy 
conversion, storage, transmission  (Hollins 2007)) and use. These new nanotechnologies may also 
lead to the reduction of greenhouse gas emission and greater energy saving (Tegart 2009).  The 
use of nanowires and nanotubes have resulted in miniaturization of electronic devices to achieve 
greater performance of devices and rapid exchange of information via microchips (Kargozar & 
Mozafari 2018).  
1.2. Silver Nanoparticles and its applications 
Ionic silver products and remedies have been known for their antimicrobial properties since 
ancient times, where they were used for wound management. In the 1920s, it was regulated by the 
U.S Food and Drug Administration for wound management (Chopra 2007).  Historically it has 
been noted that the purity of liquids such as wine, vinegar, water and milk has increased if they are 
stored in silver vessels (Alexander 2009). Moreover, silver has long been used as currency/coins, 
jewelry and silverware because of its white metallic luster (Yu, Yin & Liu 2013). Silver is also 
used in many consumer products such as textiles, cosmetics, deodorant (Chernousova & Epple 
2013). The efficacy of silver has now been improved by nanotechnology as an as antimicrobial 
agent through synthesis and subsequent integration of AgNPs in different products.  
Due to the powerful antimicrobial action and particular physiochemical properties, AgNPs 
have attracted remarkable attention. The anti-microbial properties of Ag NPs has resulted in them 
being the most frequently used NPs in consumer products (435 of 1814 product, or 24%) (Vance 
et al. 2015) including textiles, electronics, food packaging, cosmetics, household appliances, water 
and environment disinfectants, imaging techniques and medical devices (Güzel, Erdal & 
Applications 2018) (Figure 1). Ag NPs are used in various household commodities such as 
toothpaste, detergent and shampoo (Benn et al. 2010), fabrics,  bedding, water purification system, 
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washing machines (Farkas et al. 2011), paints, deodorants,  kitchen utensils, filters and toys to give 
antibacterial properties (Barkat et al. 2018). Ag NPs are also used in health-related commodities 
such as catheters, bandages and other substances to prevent infection. Ag NPs have also been used 
as disinfectants (Deshmukh et al. 2019),  medical devices such as biomaterials for wound healing 
(Kumar et al. 2018) and dentistry (Bapat et al. 2018).  
 
 
Figure 1. Applications of silver nanoparticles in various industries. Image adapted from 
(Keat et al. 2015). 
 
The incorporation of Ag NPs in each of the industries, consumer products and new 
technologies listed in Figure 1 is growing continuously and the global production of Ag NPs is 
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projected to hit around 800 tons by 2025 (Pulit-Prociak & Banach 2016). With this increased use 
of NPs, it is, therefore, likely that NPs will make their way into terrestrial and aquatic environments. 
 
1.3. Nanoparticle release into the environment 
Due to the specific physiochemical properties, NPs are commonly used in various field. 
However, there are still a lot of concerns about their effect on environment and living systems as 
significant amounts of NPs are suggested to be released into the environment during, production, 
use and disposal (Gottschalk & Nowack 2011). Furthermore, NPs also get released into the 
environment through natural activities such as soil erosion , forest fires, dust storms and volcanic 
activities (Turan et al. 2019). In addition NPs can enter into the environment through non-point 
sources such as atmospheric release and water infiltration into the soil (Weinberg, Galyean & 
Leopold 2011). NPs used in manufacturing, biomedical and other application may end up in 
aquatic environment via various routes such as sewage system, fabric washing and building 
facades after rainfall (Xing, Vecitis & Senesi 2016). 
Since, Ag is the most widely used NPs in consumer product and technological application, 
it is inevitable that more and more Ag NPs will enter into the environment without treatment and 
may pose significant  health and environmental risk (Massarsky et al. 2014). Several studies have 
shown ionic Ag+ and Ag NP release from clothes (Geranio, Heuberger & Nowack 2009), socks 
(Benn & Westerhoff 2008), washing machine (Farkas et al. 2011), facades (Kaegi et al. 2010), 
toothpaste, shampoo and detergent into wastewater (Benn et al. 2010). It is estimated that 1 
household could possibly release 470 µg of Ag+ from Ag NP containing products into the sewer 
daily (Schultz et al. 2012b). Moreover, about  63 tons of Ag NPs enters into aquatic environment 
worldwide each year, leading to projected environmental concentrations of nearly 10-1800 ng/L 
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and 40-80,000 µg/kg in surface water and sediment by 2020 (Massarsky et al. 2014). (Sun et al. 
2016) reported 2.2 µg/ml concentration of Ag NPs in surface water. Mining activities and natural 
leaching also contributed to silver contamination in surface water (McGillicuddy et al. 2017).   
 
1.4. Factors affecting NPs toxicity 
After entering aquatic environments fate, transformation, behavior and movement of metal 
NPs are regulated by both environmental factors such as pH, organic matter, ionic strength, UV 
exposure and the properties of the NPs including their size, surface charge and surface chemistry 
(Abbas et al. 2020). When they are released into the aquatic environment, they are subject to 
transformations including oxidation, dissolution, aggregation, sulfidation and chlorination 
(Tortella et al. 2019). Aggregation of NPs strongly depends upon on the properties of NPs, solution 
chemistries and environmental conditions (Lowry et al. 2012). The fate of Ag NPs in aquatic 
environment is primarily regulated by the processes of sedimentation, agglomeration and release 
of Ag+ (dissolution ) from the particles (Zhang, Hu & Deng 2016). Agglomeration of NPs depend 
upon both biotic and abiotic factor (Fatisson et al. 2012), reducing active surface, stability and 
translocation of NPs.  
Several studies have revealed that the presence of natural organic matter such as humic 
acid reduced toxicity of AgNPs however the mechanism of effect is still unclear. Natural Organic 
Matter (NOM) is a heterogenous, redox reactive mixture of natural macromolecules (Chen et al. 
2003). Humic acid and fulvic acid are the two common NOM expected to attach in the surface of 
NPs causing alternation in behaviors of NPs, thereby changing the aggregation behavior (Louie et 
al. 2015). Previous study reported that the aggregation process had a major effect on 
physiochemical properties of NPs, surface properties, transformation and toxicity in aquatic 
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environment (Farré, Sanchís & Barceló 2011; Garner & Keller 2014). NOM adsorption on the 
surface of NPs could eventually alter its properties such as hydrophobicity and surface charge (Liu, 
Chen & Su 2011). Silver NPs have been reported to interact more readily in solution and in the 
presence of organic matter with monovalent ions (Na+ and K+) compared with divalent cations 
(Akaighe et al. 2012). However, the presence of organic matter greatly decreased this impact on 
increased ionic strength on Ag NPs suspension (Delay et al. 2011). Recent studies have also 
focused on the stability of Ag NPs due to their surface coating and abiotic factors, with several 
coatings such as starch, Suwannee River Humic Acid (srHA), citrate, polyvinyl pyrrolidone (PVP), 
or environmental factors (e.g. sunlight, pH, organic matter, dissolved oxygen , ionic strength) to 
stimulate their fates in aquatic systems (Li et al. 2020). Adsorption of NOM to the surface of Ag 
NPs can increase their stability through electrosteric interactions (Delay et al. 2011). It has been 
determined that HA will affect the stability of NPs through steric hindrance, charge neutralization 
and bridging effect (Zhu et al. 2014). Higher NOM concentration was found to enhance the process 
of reducing Ag+ to form AgNPs (Akaighe et al. 2011; Sal’nikov et al. 2009).  
The aggregation and sedimentation of metal oxide NPs (ZnO, CeO2 and TiO2) were easily 
facilitated at low pH, high ionic strength and low total organic carbon content (Keller et al. 2010). 
NPs coated with NOM aggregated slowly even at high ionic strengths (Zhou & Keller 2010). HA 
has also been found to have a stabilizing effect on AuNPs at low ionic strength and in the presence 
of monovalent cation, however, high concentration of divalent ions result in increased aggregation 
(Pallem, Stretz & Wells 2009). The fate of Ag NPs is affected by the change in pH as it influences 
the surface charge of Ag NPs. Surface charge of carbon coated Ag NPs becomes positive at <4 pH, 
where the increased agglomeration was observed (Piccapietra, Sigg & Behra 2012). Similarly, 
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dissolved oxygen increases the oxidation of metallic NPs such as Ag NPs which influences the 
aggregation process and Ag+ release (Li & Chen 2012).  
Dissolution in an aquatic environment can play a critical role in the fate, actions and 
toxicity of metal-based NPs. Aggregation of NPs, stable surface coating, binding of test media 
molecules may block exposed NPs surface significantly reducing dissolution rates (Merdzan et al. 
2014). In contrast, high temperature (Liu & Hurt 2010) and low pH (Li, Lin & Zhu 2013) increase 
dissolution rate of metal and metal oxides. The rate and extent of dissolution of Ag+ release from 
Ag NPs is pH dependent and is observed to decrease with increasing pH (Peretyazhko, Zhang & 
Colvin 2014; Piccapietra, Sigg & Behra 2012; Zhang et al. 2011).  
Exposure of Ag NPs to sunlight has also been observed to alter their physiochemical 
properties and split the NPs into smaller particles via the production of positive charge due to 
photoejection of electrons (Kamat, Flumiani & Hartland 1998). Light irradiation also enhance 
silver release as it oxidises the surface to form an oxide layer that is more soluble than metallic 
silver (Grillet et al. 2013). Reducing capping layer size (Kamat, Flumiani & Hartland 1998) or 
transforming it upon exposure to light may also alter surface properties contributing to increased 
aggregation (Yu et al. 2014). Photoreduction of Ag+ prevents the breakdown of AgNPs in the 
presence of NOM and is observed to increase the stability of particles (Yu et al. 2014). 
Temperature is another important abiotic factor that can alter the aggregation kinetics of 
NPs. Temperature influences the random Brownian motion of particles affecting aggregation 
kinetics (Louie, Tilton & Lowry 2013). High temperature increases the frequency of collision 
between particles by increasing the random kinetic energy of NPs (Zhang et al. 2012). Therefore, 
aggregation rate of NPs increases substantially with increasing temperature.  
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1.5. Nanoparticle uptake and toxicity in aquatic organisms 
Nanotoxicology is the branch of toxicology that studies the toxicological properties of NPs 
to determine the extent of environmental threat imposed by them. The integral properties of NPs 
(e.g. shape, size, structure, surface area, solubility, surface charge, and coating) as well as 
environmental factors (e.g. pH, salinity,  temperature, organic matter, and ionic strength) influence 
the fate, behavior, transport and toxicity in aquatic environments (Walters, Pool & Somerset 2016). 
Aquatic organisms are also sensitive to the free metals (Campbell 1994) released from metal NPs 
and exposure to sub lethal concentrations can disturb many processes such as hatch rate (Jezierska, 
Ługowska & Witeska 2009), movement (Misra et al. 2012), development (Jezierska, Ługowska & 
Witeska 2009) and ion balance (Wood et al. 1996). Previous laboratory studies have shown that 
NPs can be deleterious to aquatic organism such as fish, bacteria, algae and invertebrates to at least 
some degree (Fabrega et al. 2011). Once the NPs enter into the aquatic environment they can enter 
into the aquatic organisms bodies by adsorption, via gill epithelia, and/or gut epithelia due to 
dietary exposure or through skin (Handy, Owen & Valsami-Jones 2008). Uptake of Ag NPs by fish 
cells occurs mainly through endocytic pathways causing toxicity (Yue et al. 2016). (Lee et al. 2007) 
observed that the Ag NPs readily penetrate the zebrafish body through the chorion via passive 
diffusion. After cellular and tissue uptake, NPs can bind to both intracellular and extracellular 
proteins and inhibit the activity of enzymes (Yue et al. 2017). (MacCormack et al. 2012) also 
revealed that the activity of purified lactate dehydrogenase (LDH) was inhibited by silicon, Au and 
CdSe NPs. Likewise, the citrate-capped Ag NPs disrupt the sodium regulation in juvenile rainbow 
trout  exposed to both nondialyzed and dialyzed Ag NPs which largely inhibited the undirectional 
Na+ influx by more than 50% while the unidirectional Na+ efflux remains unaffected (Schultz et 
al. 2012a).  
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The exposure of NPs to living organisms can result in several types of toxicity, such as 
genotoxicity (causing mutagenicity, aneugenicity and clastogenicity), cytotoxicity (autophagy, 
apoptosis and mitopsis), and epigeneticity (Jennifer & Maciej 2013). The potential biomarker to 
assess the toxic impact of NPs in living organisms may be the change in biochemical, oxidative, 
haematological, and/or histopathological parameters (Kanwal et al. 2019). Industrially produced 
TiO2 NPs have been shown to induce cytotoxicity due to ROS production and neutral lipid 
alternation (Verma et al. 2018). (Griffitt et al. 2007) used zebrafish to study the toxic effects of 
copper NPs and observed gill damage and lethality. Likewise, chronic toxicity of magnetic iron 
oxide NPs was found in Labeo rohita by disturbing the activity of gill, hematology, and ion 
regulation (Remya et al. 2015). Ramesh and colleagues revealed that exposure of SiO2 NPs to 
zebrafish caused alternation of antioxidant enzymes and fragmentation of tissues (Ramesh et al. 
2013). Another previous study reported reduced fecundity in zebrafish when exposed to TiO2 NPs, 
although accumulation of NPs had not been observed (Ramsden, Henry & Handy 2013). Likewise, 
decreased hatching rate of zebrafish embryos has been previously reported when embryos were 
exposed to 10 and 100 mg/L of ZnO NPs (Ong et al. 2014). 
The impacts of ionic Ag on aquatic organisms has also been well-studied and is extremely 
toxic to fish and other aquatic species at very low (umol) concentrations (Kabata-Pendias & Szteke 
2015).  Ionic Ag causes toxicity in fish through the impairment gill Na/K-ATPase and carbonic 
anhydrase activity in their gills (Weis 2014). This results in the impairment of sodium regulation 
and eventually mortality in the aquatic animals (Kwok et al. 2016). Silver NPs have also been 
previously reported to decrease Na/K-ATPase activity in rainbow trout gills and impair sodium 
regulation (Schultz et al 2012). The authors of this study also demonstrated that the impairment of 
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Na/K-ATPase was caused by the NPs, themselves, and not ionic Ag released from the NPs (Schultz 
et al 2012). 
The toxicity of NPs to aquatic organisms mainly depends upon the physiochemical 
properties of the NPs (Fekete-Kertész, Piszmán & Molnár 2017). Based on the existing literature, 
it can be hypothesized that Ag NPs are more toxic than other forms because of their release of 
ionic Ag. Several model organisms such as Paracentrous lividus (Kanold et al. 2016), Daphnia 
magna (Pakrashi, Tan & Wang 2017), Artemia salina (Wang et al. 2017), Mytilus edulis (Hu et al. 
2014), Danio rerio (Brundo et al. 2016; Pecoraro et al. 2017) and mice (Cho et al. 2018) have been 
previously used in studies assessing the potential toxicity of metal NPs. Many of these model 
species are costly, have extremely slow and inaccessible embryo development, are large in size, 
and require significantly quantities of material for testing, followed by ethical questions about their 
use (Haque & Ward 2018). Several parameters such as organ malformations, hatching rate, skin 
and gill damage, irregular behavior (impairment of movement), toxicity of reproduction and, 
mortality rates are used to determine the toxicity of NPs. Small, low cost, yet sophisticated models 
are therefore very appealing for evaluating in vivo nanotoxicity. Based on this,  the use of zebrafish, 
Danio rerio, as a model organism for toxicity testing has increased exponentially as they are 
functional and cost effective alternatives to other species (Brundo & Salvaggio 2018b).  
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1.6. Zebrafish as a model organism 
Zebrafish (Danio rerio) are a small tropical freshwater fish, belonging to the cyprinidae 
family and are mainly found in river systems of South Asian countries (Bozkurt 2020). Zebrafish 
has been accepted globally as a ‘gold standard’ to evaluate the environmental toxicity of emerging 
contaminants due to their range of favorable traits (Scholz et al. 2008). Zebrafish possess some 
exceptional set of characteristics and is becoming popular in the field of toxicology both in 
embryonic and adult stages (Chakraborty et al. 2016). Some of these include high fecundity rates, 
well characterized developmental stages, and highly responsive to both molecular and genetic 
manipulation (Horzmann & Freeman 2018). Zebrafish adults are 4-5 cm long, hence require 
relatively inexpensive housing, which make them very cost effective (Brundo & Salvaggio 2018a) 
and the small size of zebrafish makes them easy to handle without difficulty. The high fecundity 
rate of zebrafish, generating 200-300 eggs per day under laboratory condition, make it ideal for 
performing a large number of experimental replications concurrently (Ribas & Piferrer 2014). 
Moreover, it is well-matched to evaluate the impact of emerging contaminants, such as NPs, on 
egg production, fertilization rate, and successive embryo viability (Haque & Ward 2018). For 
instance, increased embryo mortality and reduced egg production in zebrafish has been reported 
after the chronic exposure to TiO2 NPs (Wang et al. 2011). Additionally, hatching (24 hpf) and 
development of zebrafish is incredibly rapid. Embryogenesis of zebrafish embryos is completed 
by 72 hours and they develop almost all of their organs by 96 hpf, reaching maturity in about 3 
months (Stainier & Fishman 1994). The well-defined developmental stage of zebrafish embryos 
allows screening strategies for the design and implementation of toxicity mechanisms or target 
specific exposure scenarios (Lin et al. 2013a). Furthermore, the optical transparency of zebrafish 
embryos in early larval stages allows for the visual analysis of abnormalities arising during 
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development in response to environmental contaminants, such as vasculogenesis and 
organogenesis (Dooley & Zon 2000). The adverse effects of chemical exposure on embryo size, 
trunk segmentation and on brain, heart and notochord development can be evaluated quantitatively 
(Bozkurt 2018).  The transparency of zebrafish embryos also makes it possible to analyze changes 
in protein expression levels in the whole embryo via in situ hybridization (Lin et al. 2013b). Each 
of these characteristics resulted in the OECD developing the fish embryo acute toxicity test (test 
236) in 2013 (économiques 2013). 
Since early 1980, frequent use of acute fish test (AFT) has raised both ethical and economic 
questions (Ahne 1985). The Fish Embryo Acute Toxicity (FET) Test is an alternative test to 
conventional acute fish toxicity (AFT) testing, designed by the organization for economic Co-
operation and Development (OECD) in July 2013 to determine acute toxicity of chemicals on 
embryonic stage of fish (Sobanska et al. 2018). This test has been widely accepted as an animal 
friendly procedure for toxicological research in recent years. The study protocol for this test is 
based on fertilized zebrafish eggs (Danio rerio) and has shown high sensitivity in chemical toxicity 
assessment (Moura et al. 2019). FET tests are considered as an alternative to AFT test for animal 
welfare reasons in European Union (EU). The new European Directive 2010/63 / EU on the safety 
of animals used for scientific purposes considers fish embryos until the onset of independent 
feeding as nonprotected life stages and is therefore regarded as an alternative to the testing of adult 
animals (Commission 2010). The FET-test has been successfully extended to a wide range of 
substances that exhibit different modes of action, solubility, stability and hydrophobicity (Belanger, 
Rawlings & Carr 2013). The zebrafish embryos toxicity assessment offers quick and early warning 
of NPs that cause low hatching and survival rates along with abnormal morphology within 72 hpf 
-120 hpf (Lin et al. 2013b). For example the toxicity of silica NPs based on dosage and time can 
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be easily measured by analyzing mortality rates (Duan et al. 2013) and cardiovascular system 
effects (Paatero et al. 2017).   
Another important feature of zebrafish is that the nervous, cardiovascular and digestive 
system is homologous to human system (Hsu et al. 2007). Moreover, almost 70% of zebrafish 
genes matches with human and 84% of potential disease related genes are related with zebrafish 
(Howe et al. 2013). Another advantage is that zebrafish genome has been completely sequenced 
and more than 140,000 genes were mutated to study their role in developmental and disease 
function. 
 
1.7. Zebrafish embryo development 
The embryonic development of zebrafish is quick at approximately 28°C and the cell and 
surrounding chorion transparency enable fast observation and staging (Meyers 2018). The chorion 
lifts away from the egg after fertilization and transparent cytoplasm move to embryo’s animal pole 
separating the blastodisc from larger yolk mass underlying it. A mass of cell is produced at the 
animal pole called blastula or blastoderm and mid blastulation starts at 10th cycle. The fish hatch 
from chorion in between 48 to 72 hpf and the embryonic period ends at 72 hpf (Kimmel et al. 
1995). 
The heart is the first organ to form and function in zebrafish. At initial stage of formation, 
the heart is a tube with outer myocardium layer and inner endocardium layer. The heart tube 
undergoes cardiac looping as the embryos develop and further distinguish into separate cardiac 
chambers by valve leaflets at the antrioventricular junction (Yelon 2001). This tube is also 
subdivided into two chambers with unidirectional blood flowing from posterior atrium to anterior 
ventricles (Bakkers 2011). Then the cardiac development starts with endocardial and myocardial 
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lineages with separate ventricular and atrial myocardial lineages (Stainier, Lee & Fishman 1993). 
At later stages a complex morphological series is required to assemble the two layered heart tube 
at embryonic midline (Serluca 2008). Then the initial heart tube undergoes continuous remodeling, 
differentiation and morphogenesis with spatial and temporal coordination for the functional 
integrity of the heart (Glickman & Yelon 2002). Likewise, vascular system development in 
zebrafish usually depends on differentiation, migration and proliferation of endothelial cells, 
remodeling of extracellular matrix and communication between cells (Adams & Alitalo 2007). The 
migration of angioblast to the midline is believed to be guided by VEGF (Lawson & Weinstein 
2002).  
During vasculogenesis the precursor endothelial cells start forming primary vasculature 
which includes Dorsal aorta , CA and cranial vasculature from mesoderm progenitors. Then the 
vascular system starts to develop with differentiation of blood vessels into artery and vessels due 
to vegf and notch signaling (Siekmann & Lawson 2007). SOX genes have an important role in 
artery and vein morphogenesis, which is expressed by dorsal aorta and veins (Cermenati et al. 
2008).  
The embryonic heart is positioned prominently on the embryo’s ventral side, allowing 
visual inspection of pattern and function of developing heart in live embryos. At 36 hpf, the 
zebrafish heart is easy to view noninvasively with single cell resolution (Vogel & Weinstein 2000). 
The embryos obtain sufficient oxygenation through passive diffusion making circulation 
nonessential for the first few days of development which provides a unique opportunity to examine 
the cardiovascular phenotypes progression (Nguyen et al. 2008). 
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1.8. Project hypothesis 
The overall objective of the thesis was to investigate the potential Developmental and 
Cardiovascular toxicity of Ag NPs in aquatic organisms in environmentally realistic conditions. 
The following hypothesis were tested: 
1. Ag NPs will have concentration-dependent toxicity on survival, hatch rate, heart rate 
and developmental deformities. 
2. Abiotic factors will play an important role in NP behavior and will alter the protective  
toxicity of Ag NPs in aquatic organism. 
3. The size and surface type of NPs may affect the toxicity of NPs to zebrafish embryos. 
 
1.9. Project aims 
1. To investigate the effect of Ag NPs on hatch rate, survival rate, heart rate,  
developmental deformities and blood vessel formation in zebrafish embryos. 
2. To investigate the behavior of Ag NPs in the presence of abiotic factors including humic 
acid and UV exposure. 
3. To investigate the developmental and cardiovascular toxicity of Ag NPs in the presence 
of abiotic factors including humic acid and UV exposure. 
4. To investigate the effect of Ag NP size and surface-type on developmental and 
cardiovascular toxicity of zebrafish embryos. 
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CHAPTER 2 – MATERIALS AND METHODS 
 
 
2.1.Nanoparticles and characterization 
50 nm and 5 nm colloidal Econix™ silver nanoparticles (herein referred 50 and 5 nm 
nAgNPs) used in this study were purchased from NanoComposix Inc (San Diego USA) and silver 
nanopowder (herein referred sAgNPs) were purchased from Sigma-Aldrich (Australia). 
NanoComposix Ag NPs (5nm and 50 nm nAgNP) possessed a PVP surface coating whereas the 
Sigma Aldrich Ag NPs (sAgNPs) had no surface coating. Based on the specifications characterized 
by manufacturer using JEOL 1010 transmission electron microscope and Malvern Zetasizer nano 
ZS, the size range of nAgNPs was in the range of 53.2 ± 11.0 nm and zeta potential was 49 mV in 
milli-Q water. Furthermore, Nanoparticle Tracking Analysis (Nanosight NS 300, Malvern, 
Salisbury, UK) was previously completed to characterize the size range, aggregation and particle 
concentration of both the 50 nm nAgNPs and sAgNPs in zebrafish aquatics water and E3 media 
(Poudel., K 2019). Instruments (DLS and NTA) were also booked to characterize all of Ag NPs 
for hydrodynamic diameter, surface charge, size range, and NP concentration in the aquatics test 
water over-time (0, 24, 48 and 96h) and in the presence of abiotic factors (humic acids and UV). 
However, due to University research lab closures in response to COVID-19, all of the final 
characterization was unable to be completed for this study. 
 
2.2. Zebrafish maintenance and embryo collection 
The zebrafish colony was maintained at the PC2 aquatic facilities of Deakin University 
within a state of art Techniplast Zebtec recirculating system operated by a central life support 
system with an automated drum filter for gross solids removal (Tecniplast s.p.a. Buguggiatte, Italy). 
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Adult fish were maintained in 3.5 L tanks at 27.5°C on 14:10 light dark cycle. Fish were fed 
Otohime fish pellets (Marubeni Nisshin Feed, Tokyo) three times daily on weekdays and once 
daily on weekends.  The chemical parameters of the aquatics water including pH (~7), and 
electrical conductivity (~500 micro seimens) were monitored and maintained daily. Tan ammonia 
(<0.1 ppm), nitrite ((<0.1 ppm) and nitrate (<20 ppm) were tested and monitored weekly.   
Male and female zebrafish were housed separately and placed in a breeding tank one day 
before eggs were required. They were transferred to the 3L capacity breeding tank at 2:1 female to 
male ratio with 2 mm mesh and a transparent barrier in between them. The fish were then left 
undisturbed overnight and the plastic barrier was removed on the next day after the facility lighting 
turned on to allow them to mate.  After the fertilization of eggs, adult zebrafish were transferred 
into their respective tanks and fertilized eggs were then collected using a sieve and transferred to 
aquatics water containing plastic petri dishes. The collected eggs were transported from the PC2 
aquatics facility to the laboratory (Ka2.103), washed twice with the aquatics water to remove the 
unfertilized eggs and transferred to new petri dishes. The washed eggs were incubated for 24 h at 
28°C in an environmental incubator (temperature cycling chamber, Labec, Australia) to enable 
embryos to grow and develop before exposure experiments commenced. 
The Deakin University Animal Ethics Committee has approved all the experimental 
procedures and animal used in this study in accordance with the Australian code for the care and 
use of animals for scientific purposes (AEC number: G12-2016 and G11-2019).  
 
2.3. Nanoparticle and humic acid stock preparations 
Three different Ag NPs, 50nm and 5nm NanoComposix (nAgNP) and Sigma Aldrich Ag 
NPs (sAgNP) were used in this study. All of the NP working stock solutions used throughout this 
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study were prepared weekly in filtered milli-Q water. For both of the nAgNPs, 1 ml of the 5 mg/ml 
Nanocomposix stock solution was pipetted in a 2 ml Eppendorf tube as a working solution. Then 
2.5 mg/ml and 1.25 mg/ml working stocks were prepared in Eppendorf tubes by using serial 
dilution method and filtered milli-Q water (Table 2.1). All of the working stocks were vortexed for 
1 minute and sonicated for 15 minutes at room temperature in a water bath sonicator to disperse 
NPs.  
 
Table 2.1: 50nm and 5nm Nanocomposix Ag NP working stock serial dilution method. 
Concentration Volume of water (ddH2O) nAgNP Stock Volume 
5 mg/ml No dilution 1 ml 5 mg/ml stock 
2.5 mg/ml 0.5 ml 0.5 ml 5 mg/ml stock 
1.25 mg/ml 0.5 ml 0.5 ml 2.5 mg/ml stock 
 
Sigma Aldrich AgNP (sAgNPs) stocks were prepared by first making a 50 mg/ml stock of 
sAgNPs in 1 ml of milli-Q water. The stock solution was further diluted to make 20 mg/ml, 10 
mg/ml, 5 mg/ml, 2.5 mg/ml and 1.25 mg/ml of working stock solutions by using serial dilution. 
All of the stocks were made on the day of exposure and were vortexed for 1 minute followed by 
sonication at room temperature for 15 minutes in a water bath sonicator.  
 
Table 2.2: Sigma Aldrich Ag NP stock serial dilution method. 
Concentration Volume of water (ddH2O) nAgNP Stock Volume 
50 mg/ml 1 ml  50 mg/ml of stock solution 
20 mg/ml 0.6 ml 0.4 ml of 50 mg/ml stock 
10 mg/ml 0.5 ml 0.5 ml of 20 mg/ml stock 
5 mg/ml 0.5 ml 0.5 ml of 10 mg/ml stock 
2.5 mg/ml 0.5 ml 0.5 ml of 5 mg/ml stock  
1.25 mg/ml 0.5 ml 0.5 ml of 2.5 mg/ml stock 
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All of the Ag NP exposure doses were prepared in 15 ml falcon tubes in zebrafish aquatics 
water. Prior to zebrafish embryo exposure in the 6-well plates, the NP stocks were vortexed for 
one minute and sonicated for 15 minutes at room temperature in a water bath sonicator.   
 
Table 2.3: Nanocomposix Ag NP exposure doses in zebrafish aquatics media. 
Exposure concentration Final exposure media 
Control 50 µl of ddH2O + 5 ml of aquatics water 
200 µg/ml 200 µl of 5 mg/ml stock + 5 ml of 
aquatics water 
100 µg/ml 100 µl of 5 mg/ml stock + 5 ml of 
aquatics water 
50 µg/ml 50 µl of 5 mg/ml stock + 5 ml of aquatics 
water 
25 µg/ml 50 µl of 2.5 mg/ml stock + 5 ml of 
aquatics water 
12.5 µg/ml 50 µl of 1.25 mg/ml stock + 5 ml of 
aquatics water 
 
Table 2.4: Sigma-Aldrich Ag NPs exposure doses in zebrafish aquatics media. 
Exposure concentration Final exposure media 
Control 50 µl of ddH2O + 5 ml of aquatics water 
200 µg/ml 50 µl of 20 mg/ml stock + 5 ml of aquatics water 
100 µg/ml 50 µl of 10 mg/ml stock + 5 ml of aquatics water 
50 µg/ml 50 µl of 5 mg/ml stock + 5 ml of aquatics water 
25 µg/ml 50 µl of 2.5 mg/ml stock + 5 ml of aquatics water 
12.5 µg/ml 50 µl of 1.25 mg/ml stock + 5 ml of aquatics water 
 
 Suwannee River Humic Acid Standard III and Sigma-Aldrich Humic Acid (H1-6752; 
humic acid sodium salt) were purchased from the International Humic Substance Society (IHSS; 
USA) and Sigma-Aldrich (Australia), respectively. A 10 mg/ml working stock of each humic acid 
22 
 
was prepared in milli-Q water. To assesses the potential protective effects of humic acids on Ag 
NP toxicity in zebrafish embryos, two different humic acid exposure concentrations (10 µg/ml and 
50 µg/ml) were prepared with 200 µg/ml concentrations of the Ag NPs in zebrafish aquatics water 
as shown in the table below (Table 2.5). The humic acid and Ag NP exposure stocks were vortexed 
for one minute and sonicated for 15 minutes at room temperature in a water bath sonicator.   
 
Table 2.5: Humic acid (HA) and Ag NP exposure stock preparations. 
Exposure concentration Final exposure media 
Control 50 µl of ddH2O + 5 ml of aquatics water 
10 µg/ml HA 5 µl of 10 mg/ml stock HA + 5 ml of aquatics water 
50 µg/ml HA 25 µl of 10 mg/ml stock HA + 5 ml of aquatics water 
10 µg/ml HA + 200 µg/ml 
nAgNPs 
5 µl of 10 mg/ml stock HA + 200 µl of 5 mg/ml stock nAgNPs + 
5 ml of aquatics water 
50 µg/ml HA + 200 µg/ml 
nAgNPs 
25 µl of 10 mg/ml stock HA + 200 µl of 5 mg/ml stock nAgNPs + 
5 ml of aquatics water 
10 µg/ml HA + 200 µg/ml 
sAgNPs 
5 µl of 10 mg/ml stock HA + 50 µl of 20 mg/ml stock + 5 ml of 
aquatics water 
50 µg/ml HA + 200 µg/ml 
sAgNPs 
25 µl of 10 mg/ml stock HA + 50 µl of 20 mg/ml stock + 5 ml of 
aquatics water 
200 µg/ml nAgNPs 200 µl of 5 mg/ml stock nAgNPs 
200 µg/ml sAgNPs 50 µl of 20 mg/ml stock 
nAgNPs: 50nm Nanocomposix Ag NPs; sAgNPs: Sigma Aldrich Ag NPs. 
 
2.4. Zebrafish Embryos Toxicity test 
All of the zebrafish embryo toxicity test experiments were performed following a modified 
version of the OECD fish embryos acute toxicity test (test #:236, OECD 2013). Each experiment 
consisted of a 6-well plate containing 10 zebrafish embryos at an age of 24 hpf per well in aquatics 
water (pH: ~ 7, electric conductivity ~500µSv). Silver NP exposure experiments were commenced 
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when zebrafish embryos were at an age of 24 hpf. At this time aquatics water in each well was 
replaced with either 5 ml of aquatics water containing 50 µl of sterilized filter water milli-Q H2O 
(control), each of the Ag NP exposure stocks at decreasing concentrations (200 µg/ml, 100 µg/ml, 
50 µg/ml, 25 µg/ml, 12.5 µg/ml) or the humic acid and Ag NP exposure stocks. All of the plates 
containing the zebrafish embryos and Ag NP exposures were incubated in a Labec Environmental 
incubator at 28 °C, 80% relative humidity (RH) and 12 L:12 D photoperiod throughout the 
experiment. Embryos were not fed for the duration of exposure as the yolk sac provides sufficient 
nutrient before they are exhausted at 6 dpf.   
 
 
Figure. 2: Schematic illustration of the methodology used in this study. Zebrafish embryos were 
cultured in 6-well plates and exposed to increasing doses of, nAg NP and sAg NP from 24 hpf to 
80 hpf. Survival and hatch rate were analysed at 24, 48, 56, 72, 80 hpf. Images of embryos were 
Incubate at 
28°C for 80h
Alkaline 
phosphatase stained 
zf embryo
Ag NPs
Survival rateHatch rateHeart rateDevelopmental 
abnormalities 
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captured at 72 hpf for characterization of developmental defects and heart rate was measured at 72 
hpf. Blood vessel formation was studied using alkaline phosphatase staining method at 80 hpf. 
 
2.5. Hatch rate, mortality rate and heart rate observation 
Zebrafish embryos exposed to the different concentrations of Ag NPs were monitored daily 
under a stereoscopic microscope (Nikon SMZ 745). Hatching rate was recorded at 24, 48, 54, 72 
and 80 hpf in each experiment. Survival of zebrafish embryos was observed at 24, 48, 54, 72 and 
80 hpf with dead embryos and larvae detected by opaque mass and no apparent heartbeat. Any 
dead embryos and larvae were removed from the wells at each time point. The number of hatched 
and live embryos with respect to non-hatched and dead embryos in each time point was expressed 
as a percentage of hatch rate and survival rate, respectively. Heart rate (beats/minute) was recorded 
in zebrafish embryos at an age of 72 hpf by visually counting heart beats of each embryo in the 
wells using the microscope and a stopwatch.  
 
2.6. Zebrafish embryo developmental abnormalities 
Developmental abnormalities including yolk sac edema (YSE), pericardial edema (PE), 
spinal curvature (SC) as well as no structural deformity (NSD) were noted at 72 hpf in both control 
and varying doses of Ag NPs and humic acid. All these deformities were analyzed and expressed 
in percentage.  The digital photographs were captured by using mosaic 2.1 software installed in  
microscope.  
At the end of experiment (80 hpf), the zebrafish embryos were washed twice with aquatics 
water and then anesthetized with MS-222 buffered with 1% NaHCO3. The zebrafish embryos are 
then transferred in labelled Eppendorf tube and washed again with 1 % PBS solution for 2 times. 
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100 µl of RNA later was added in each Eppendorf tube to stabilize the tissue and protect the cellular 
RNA and stored in freezer at -80°C for RNA analysis. 
 
2.7. Alkaline phosphatase staining 
Zebrafish embryos were washed twice with aquatics water at the end of Ag NP and HA + 
Ag NP exposure experiment (80 hpf)  and anaesthetized for five minutes with 1% M222 (buffered 
with 1% NaHCO3). After transferring the embryos to 2 ml eppendorf tube, they were fixed for 2 h 
at room temperature in 500 µl of 10 % formalin. The formalin was removed after 2 h and embryos 
were washed twice with 500 µl phosphate buffered saline (PBS). Thus washed embryos were 
stained with commercially available NBT-BCIP following Sigma Aldrich procedure for alkaline 
phosphate. The embryos were rinsed 3 times for 10 minutes with 100 µl of rinse buffer solution. 
With 100 μl of staining buffer (100mM Tris-HCl (pH 9.5), 50mM MgCl2, 100mM NaCl, 0.1 
percent Tween-20), the embryos were then washed twice for 5 minutes and stained in staining 
buffer (NBT/BCIP) for 30 minutes. To stop the reaction, the embryos were then washed 3 times 
with rinse buffer. Thus, stained embryos  were moved to the concave microscope slides and 
mounted with DAPI mounting media and covered with glass coverslip. It was initially planned 
that embryos would be observed and imaged using a Zeiss bright-field microscope and camera and 
deformation in the vasculature assessed using previous published methods (Kalishwaralal et al. 
2009). All zebrafish embryos for alkaline phosphatase staining and microscopy analysis were 
processed, however, due to the lab closures resulting from COVID-19, the microscopy and 
imaging was unable to be completed. These embryo samples will be analyzed in the future. A 
previous study conducted by Poudel 2019, demonstrated Ag NP effects on blood vessel 
development in zebrafish embryos. Brief results from this previous study have been included 
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within the results section of this thesis to highlight the effects of Ag NPs on blood vessel 
development. 
 
2.8. Statistical Analysis 
Graph Pad Prism 8.4.2. was used to perform all the statistical analysis and to create graphs.  
Hatch rate, survival rate and developmental defects were analyzed by a two-way ANOVA, whereas 
heart rate of zebrafish embryos was assessed using a one-way ANOVA. If significant differences 
(p < 0.05) were found, a Dunnett’s multiple comparison test was carried out to identify these 
significant differences. Significant differences between control and treated group in both one- and 
two-way ANOVA test are indicated by using the symbol asterisks (*) on the corresponding graph. 
In all cases value of p ≤ 0.05 was considered significant. The data are presented as mean and 
standard error of mean (SEM). 
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CHAPTER 3 – RESULTS 
 
 
3.1. Silver Nanoparticle characterization 
Silver NPs used in this study were purchased from NanoComposix (nAgNP), Inc and 
Sigma-Aldrich (sAgNP), respectively. The size of both the 50nm nAgNPs and sAgNPs have been 
previously characterized by Mr. Kamal Poudel and Dr Aaron Schultz (Poudel. K., 2019), and 
further characterization of each NP was planned for this study, however, it was not able to be 
completed due to the COVID-related lab closure. The manufacturer also provided characterization 
details of the PVP-coated, spherical shaped 50nm and 5nm nAgNPs in their pristine state (Table 
3.1).  
Table 3.1. Characterization of Ag NPs in aquatics media and E3 media based on previous 
studies. 
Nanoparticles Size (nm) DLS Zeta Potential Size 
50 nm 
Nanocomposix 
AgNP 50 nm 
(ddH2O) 
53.2 ± 11.0 nm2 -55.0 mV2 - 
50 
nmNanocomposix 
AgNPs in aquatics 
water 
- - 48.1 ± 0.01 nm1 
50 
nmNanocomposix 
AgNP in E3 media 
49.05 – 53.14 nm4 -7.52 to -13.10 mV4 48.6 ± 0.3 nm1 
Sigma AgNP in 
ddH2O 
60.8 nm – 133 nm3 -28.2 ± 2.4 mV - 
Sigma AgNP in 
aquatics water 
- - 103.3 ±6.6 nm1 
Sigma AgNP in E3 
media 
- - 85.5 ± 1.9 nm1 
Sourced from the manufacturer and previous studies: (1) Poudel., K. 2019 (2) NanoComposix 
2016 (3) Kim et al. 2017, (4) Gao et al. 2016. 
*The size and zeta potential of 5 nm nAgNPs are not reported as the concentration is too low to 
get sufficient scattered light for an accurate measurement.  
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Using TEM, the size range of the 50nm nAgNPs was determined to be 15 – 75nm and the 
size of the 5nm nAgNPs was 4 - 11nm (Figure 3.1 A, B). The Sigma-Aldrich Ag NPs (sAgNPs; 
99.5% trace metal basis) were purchased in a raw powdered form with less than 100 nm size and 
had no surface coating. The size range of the 50nm nAgNPs and sAgNPs was determined by 
nanoparticle tracking analysis (NTA) in zebrafish aquatic water and E3 media (Figure 3.1 C, D). 
The average size of the 50nm nAgNPs was 48.1 ± 0.01 nm and 48.6 ± 0.3 nm in aquatics water 
and E3 media, respectively. Whereas, the average size of sAgNPs in aquatics water and E3 media 
was found to be 103.3 ±6.6 nm and 85.5 ± 1.9 nm, respectively. The 5nm nAgNPs were too small 
in size for the manufacturer to characterize them using DLS. All of the Ag NPs were spherical in 
shape and there was a larger variation in sizes in the sAgNPs (Figure 3.1 E, F, G). 
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Figure 3.1: Characterization of Silver Nanoparticles in milliQ water and zebrafish aquatics water. 
(A) Size range of 50nm nanocomposix NM in milliQ H2O using Transmission Electron 
Microscopy (TEM; JEOL 1010)  ; (B) Size range of   5nm nanocomposix NM in milliQ H20 using 
Transmission Electron Microscopy (JEOL 1010 ); (C) Size range of   50nm nanocomposix NM in 
aquatics water using Nanosight (NS 300, Malvern, Salisbury, UK).  ); (D) Size range of   50 nm 
sigma NM in aquatics water using Nanosight (Nanosight NS 300, Malvern, Salisbury, UK); (E,F, 
G) TEM images of 50 nm nAgNPs, 5nm nAgNPs and 50 nm sAgNPs, respectively. Note: Scale 
bar = 50, 5 and 100 nm respectively. In C and D the blackline curve in graph represents the mean 
size distribution and red shading indicates standard error of mean (SEM; n = 3). 
 
 
 
 
 
A B
C
D
E F g
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3.2. Hatch rate:  
The hatching rate of zebrafish embryos exposed to increasing concentrations of 50nm 
nAgNPs (Figure 3.2 A), sAgNPs (Figure 3.2 B) and 5 nm nAgNPs (Figure 3.2 C) was observed 
from 24 to 80 hpf.  A decrease in hatch rate in zebrafish embryos was concentration dependent. 
The hatch rate of zebrafish embryos significantly decreased at 72 hpf and 80 hpf to 75 ± 9.22% 
when they were exposed to 200 µg/ml of 50nm nAgNPs (p <0.05) as compared to the control 
where 100 % embryos were hatched. Exposure to lower concentrations (12.5 µg/ml –100 µg/ml) 
of the 50nm nAgNPs showed a normal hatching rate.  Similarly, at 48 hpf and 54 hpf, sAgNPs 
significantly inhibited the hatch rate of zebrafish embryos at dose of 200 µg/ml (p <0.05). However, 
more than 90% embryos were hatched at 72 and 80 hpf. Interestingly, the hatch rate was decreased 
by at least 40% when embryos were exposed to 100 µg/ml and 200 µg/ml of 5 nm nAgNPs. 
However, statistical analysis of the 5 nm nAgNPs was unable to be completed due to the low 
number of replications (n = 2).   
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Figure 3.2. Percentage Hatch rate of zebrafish embryos exposed to increasing concentrations of 
50nm nAgNPs, sAgNPs and 5nm nAgNPs. (A) 50nm nAgNPs in zebrafish aquatics water (12.5, 
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25, 50, 100, 200 µg/ml). B sAgNPs in zebrafish aquatics water (12.5, 25, 50, 100, 200 µg/ml). C 
5nm nAgNPs in aquatics water (12.5, 25, 50, 100, 200 µg/ml). The asterisk indicates significant 
differences in data compared with that of control. Data are presented as mean ± SEM (n = 4). Two 
way-ANOVA was used to access statistical differences (p ≤ 0.05). 
 
3.3. Survival rate 
The survival rate of zebrafish embryos after exposure to increasing concentrations of 50nm 
nAgNPs (Figure 3.3 A), sAgNPs (Figure 3.3 B) and 5 nm nAgNPs (Figure 3.3 C) was determined 
from 24 to 80 hpf.  Exposure to the 100 µg/ml and 200 µg/ml of 50nm nAgNPs resulted in toxicity 
to zebrafish embryos and they had a lower survival rate of 81.6 ± 4% and 75 ± 9.2%, respectively 
at 80 hpf. This result suggests that the toxicity of 50 nm nAgNPs is time and dose dependent. 
Whereas, no significant differences were observed in survival rate of embryos exposed to the same 
concentrations of sAgNPs. Interestingly, decreased survival rates were also recorded in the 
zebrafish embryos exposed to increased doses of the 5 nm AgNPs. However, the data was unable 
to be analysed for statistical significances due to the low number of replications (n = 2).  
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Figure 3.3. Percentage survival rate of zebrafish embryos exposed to increasing concentration of 
50nm nAgNPs, sAgNPs and 5nm nAgNPs. (A) nAgNPs in zebrafish aquatics water (12.5, 25, 50, 
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100, 200 µg/ml). B sAgNPs in zebrafish aquatics water (12.5, 25, 50, 100, 200 µg/ml). C 5nm 
nAgNPs in aquatics water (12.5, 25, 50, 100, 200 µg/ml). The asterisk indicates the significant 
differnces in data with that of control. Data are presented as Mean ± SEM (n = 2-4). Two way-
ANOVA was used to access the statistical differences (p ≤ 0.050).  
 
3.4. Heart rate 
The heart rate (number of heart beats per minute) was calculated at 72 hpf for all of the 
embryos exposed to different concentrations of 50nm nAgNPs (Figure 3.4 A), sAgNPs (Figure 3.4 
B) and 5 nm AgNPs (Figure 3.4 C) as shown in Figure 3.4 below. The average heart rate for the 
control embryos in the 50nm nAgNP and sAgNP experiments was 121.33 ± 0.9 bpm and 122.5 ± 
1.39 bpm, respectively. Ag NP exposures at all concentrations caused significant decreases in 
zebrafish heart rates in a dose-dependent manner for all NPs tested.  The heart rate of embryos 
decreased as the concentration of the Ag NPs increased. At 100 and 200 µg/ml 50nm nAgNP doses, 
the heart rate of embryos was 103.33 ± 1.3 bpm and 98.25 ± 1.1 bpm, respectively.  Likewise, the 
heart rate of embryos exposed to 100 and 200 µg/ml sAgNPs was found to be 101.3 ± 1.8 bpm 
and 94.7 ± 2.7 bpm, respectively. Interestingly, the lowest heart rates of  87 ± 3 bpm and 83.2 ± 
3.1 bpm were observed when embryos were exposed to 100 and 200 µg/ml of 5 nm nAgNPs. 
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Figure 3.4. Dose-response effect of 50nm nAgNPs, sAgNPs and 5nm nAgNPs on heart rate of 
zebrafish embryos. (A) 50nm nAgNPs in zebrafish aquatics water (12.5, 25, 50, 100, 200 µg/ml). 
(B) sAgNPs in zebrafish aquatics water (12.5, 25, 50, 100, 200 µg/ml). (C) 5nm nAgNPs in 
aquatics water (12.5, 25, 50, 100, 200 µg/ml). The asterisk indicates any significant differences in 
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data compared with that of control. Data are presented as mean ± SEM (A, B: n = 30 – 40; C: n = 
10 - 20). A One way-ANOVA was used to access any statistical differences (p ≤ 0.05).  
 
3.5. Developmental deformity  
Developmental deformities of zebrafish embryos such as pericardial edema (PE; Figure 
3.5B), yolk sac edema (YSE; Figure 3.5C), and spinal curvature (SC; Figure 3.5D) were recorded 
after exposure to each concentration of the 50nm nAgNPs, sAgNPs and 5 nm AgNPs and 
representations of these are shown in Figure 3.5. No structural deformities were observed in the 
control group. Zebrafish embryos treated with each of the Ag NPs showed dose-dependent 
increases in YSE (Figure 3.6). However, a significant increase in YSE was only observed at doses 
above 25 µg/ml for 50nm nAgNPs and only at a dose of 200 µg/ml for the sAgNP. Zebrafish 
embryos exposed to 25 µg/ml, 50 µg/ml, 100 µg/ml and 200 µg/ml of 50nm nAgNPs showed 27.3 
±3.4%, 36.8 ±9.2%, 53.9±6.9%, and 64.8 ±6.1% YSE, respectively. Similar increases in YSE 
presence were also observed in embryos exposed to 5 nm nAgNPs, however, statistical analysis 
could not be performed due to the low number of replications (n = 2). Spinal curvature and PE 
were also observed in some embryos when exposed to higher doses of the Ag NPs.  
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Figure 3.5. Representative images of each of the different zebrafish developmental defects 
assessed after NP exposure. (A) no structural deformity (NSD) in control  embryo, (B) yolk sac 
edema (YSE) in an embryo exposed to 100 µg/ml 50nm nAgNP, (C) pericardial edema (PE) in an 
embryo exposed to 200 µg/ml 50nm nAgNP, (D) spinal curvature (SC) in an embryo exposed to 
50 µg/ml 50nm nAgNP. Scale bars = 2mm. 
  
A B
C D
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Figure 3.6. Dose-response effect of 50nm nAgNPs, sAgNPs and 5nm nAgNPs on developmental 
defects in zebrafish embryos. (A) 50nm nAgNPs in zebrafish aquatics water (12.5, 25, 50, 100, 
200 µg/ml). (B) sAgNPs in zebrafish aquatics water (12.5, 25, 50, 100, 200 µg/ml). (C) 5nm 
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nAgNPs in aquatics water (12.5, 25, 50, 100, 200 µg/ml). The asterisk indicates significant 
differences in data compared with that of control. Data are presented as mean ± SEM (n = 2-4). 
Two way-ANOVA was used to assess the statistical differences (p ≤ 0.05).  
 
3.6. The effect of Suwannee River humic acid presence on Ag NP toxicity in zebrafish 
embryos 
Hatching rate, survival, and heart rate of zebrafish embryos was determined after they were 
exposed to a 200 µg/ml dose of the Ag NPs in the presence of two concentrations (10 and 50 
µg/ml) of Suwannee River humic acid (srHA). In the absence of HA, 97.1 ± 2.9 % of the control 
zebrafish embryos were hatched at 72 hpf and 100 % by 80 hpf, whereas, only 61.4 ± 12.2 % and 
65.7 ± 12.3% were hatched at 72 and 80 hpf when they were exposed to 200 µg/ml 50nm nAgNPs 
in the absence of HA (Figure 3.7A). However, no significant difference was observed in hatching 
rate of zebrafish embryos when they were exposed to 200 µg/ml 50nm nAgNPs in the presence of 
both HA concentrations, 10 µg/ml and 50 µg/ml (Figure 3.7A). Similar to the previous experiments 
above, the sAgNPs had no effect on hatching rate (Figure 3.7B). 
Zebrafish embryos exposed to 200 µg/ml 50nm nAgNPs in the absence of HA had a lower 
survival rate of 60 ± 10% (Figure 3.7C). Interestingly, there was no mortality caused by the same 
concentration of 50nm nAgNPs in the presence of both HA doses. No significant difference in 
survival rate of embryos was observed in any of the sAgNP exposures in the presence and absence 
of HA (Figure 3.7D).  
Exposure of zebrafish embryos to both concentrations of the HA resulted in a small but 
significant decrease in heart rate (126.5 ± 1.5 bpm and 119 ± 1.6 bpm, respectively) compared to 
the control (133 ± 1.9 bpm; Figure 3.7E). A further reduction is heart rates was observed in 
embryos exposed to 200 µg/ml dose of the 50nm nAgNPs (100 ± 1.5 bpm). Interestingly, zebrafish 
embryos exposed to the 50nm nAgNPs in the presence of both 10 µg/ml and 50 µg/ml HA had the 
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lowest heart rates of 94.3 ± 0.9 and 91.8 ± 1.2 bpm, respectively. Similar to the 50nm nAgNP HA 
experiments, a small but significant decrease in the heart rate of embryos was observed when they 
were exposed to both 10 µg/ml and 50 µg/ml HA concentrations (126.5 ± 1.5 bpm and 119 ± 1.6 
bpm, respectively; Figure 7F). The heart rates of embryos exposed to the sAgNPs in the presence 
of both 10 µg/ml and 50 µg/ml HA were also significantly reduced to 110.3 ± 2.6 bpm and 101.8 
± 3.3 bpm, respectively.  
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Figure 3.7. The effects of Suwannee Humic acid (srHA) presence and Ag NPs on hatch rate, 
survival and heart rate in zebrafish embryos. (A, C and E) zebrafish embryos exposed to 50nm 
nAgNPs in the presence and absence of HA (10 µg/ml srHA, 50 µg/ml srHA, 10 µg/ml srHA + 
200 µg/ml nAgNPs, 50 µg/ml srHA+ 200 µg/ml nAgNPs, 200 µg/ml nAgNPs). (B, D and F) 
zebrafish embryos exposed to sAgNPs in the presence and absence of HA (10 µg/ml srHA, 50 
µg/ml srHA, 10 µg/ml srHA + 200 µg/ml sAgNPs, 50 µg/ml srHA + 200 µg/ml sAgNPs, 200 
µg/ml sAgNPs. The asterisk indicates the significant differences in data compared with that of 
control. Data are presented as mean ± SEM (n = 4-6). Two way-ANOVA was used to calculate 
the significant differences in hatch rate and survival rate, whereas, one way-ANOVA was used to 
assess the statistical differences (p ≤ 0.050) in heart rate of zebrafish embryos.  
.  
 
3.7. The effect of Sigma humic acid presence on Ag NP toxicity in zebrafish embryos 
Hatching rate, survival and heart rate of zebrafish embryos was determined after they were 
exposed to a 200 µg/ml dose of Ag NPs in the presence and absence of two concentrations (10 and 
50 µg/ml) of Sigma-Aldrich humic acid (saHA). Zebrafish embryos exposed to 10µg/ml HA had 
a similar hatch rate as compared to control (100 ± 0 %; Figure 3.8A). Interestingly, decrease in 
hatch rate was observed in 50 µg/ml HA (70 ± 30%). Similar result in hatching success was 
recorded in 200 µg/ml nAg NP both in the presence of 10 and 50 µg/ml saHA (66.7 ± 33.3 % and 
60 ± 30.6 % respectively) and absence of saHA (65 ± 12.3%). No significant differences were 
observed in hatching rate of zebrafish embryos exposed to sAgNPs in the presence and absence of 
saHA (Figure 3.8B).  
Zebrafish embryos exposed to 200 µg/ml 50 nm nAgNPs in the absence of HA had a 
survival rate of 60 ± 10 % (Figure 3.8C). Similarly, embryos exposed to the same concentration of 
nAgNPs in the presence of 10 and 50 µg/ml of saHA had a survival rate of 70 ± 30% and 63.3 ± 
31.8 %, respectively. Interestingly, there was no significant difference in the survival rate of 
embryos exposed to sAgNPs in presence and absence of saHA (Figure 3.8D).  
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Exposure of zebrafish embryos to both concentrations of the HA only controls (10 and 50 
µg/ml) resulted in a small but significant decrease in heart rate (118.7 ± 1.1 bpm and 119.1 ± 3.9 
bpm, respectively) compared to the control (125 ±1.1 bpm; Figure 3.8E). A further reduction in 
heart rate was observed in embryos exposed to 200 µg/ml 50 nm nAgNPs (95.2 ± 2.2 bpm). 
Interestingly, zebrafish embryos exposed to 200 µg/ml 50 nm nAgNPs in the presence of both 10 
and 50 µg/ml HA also had lower heart rates (96.9 ± 2.1 bpm and 100 ± 2.6 bpm, respectively). 
Similar to the 50 nm nAgNPs HA experiments, a small but significant decrease in heart rate was 
recorded when embryos were exposed to the 10 µg/ml and 50 µg/ml HA only controls (118.7 ± 
1.3 bpm and 119.1 ± 1.1 bpm, respectively; Figure 3.8F). The heart rate of embryos exposed to 
200 µg/ml sAgNPs in the presence of 10 µg/ml and 50 µg/ml HA were also significantly reduced 
to 99.4 ± 1.2 bpm and 106.9 ± 1.8 bpm, respectively.  
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Figure 3.8. The effects of Sigma humic acid (saHA) presence and Ag NPs on hatch rate, survival 
and heart rate in zebrafish embryos. (A, C and E) zebrafish embryos exposed to 50nm nAgNPs in 
the presence and absence of saHA (10 µg/ml saHA, 50 µg/ml saHA, 10 µg/ml saHA + 200 µg/ml 
nAgNPs, 50 saHA µg/ml + 200 µg/ml nAgNPs, 200 µg/ml nAgNPs). (B, D and F) zebrafish 
embryos exposed to sAgNPs in the presence and absence of saHA (10 µg/ml saHA, 50 µg/ml 
saHA, 10 µg/ml saHA + 200 µg/ml sAgNPs, 50 saHA µg/ml + 200 µg/ml sAgNPs, 200 µg/ml 
sAgNPs). The asterisk indicates the significant differences in data compared with that of control. 
Data are presented as mean ± SEM (n = 4-6). Two way-ANOVA was used to calculate the 
significant differences in hatch rate and survival rate, whereas, one way-ANOVA was used to 
assess the statistical differences (p ≤ 0.050) in heart rate of zebrafish embryos. 
 
 
3.8. Developmental deformity of zebrafish embryos exposed to AgNPs in the presence of 
humic acids 
Developmental deformity of zebrafish embryos such as YSE, PE and SC were recorded 
after exposure to each concentration of humic acid and Ag NPs as shown in Figure 3.9. No 
structural deformities were observed in the control group. Similarly, exposure of zebrafish 
embryos to both the 10 µg/ml and 50 µg/ml HA controls showed no significant differences in 
structural deformities (Figure 3.9A). In contrast, zebrafish embryos exposed to the 50nm nAgNPs 
in the presence of both 10 µg/ml and 50 µg/ml HA showed significant increase in YSE to 74.2 ± 
6.1% and 75 ±14.4 %, respectively. The highest percentage of YSE (76.8 ± 13.5 %) was observed 
in embryos exposed to 200 µg/ml 50nm nAgNPs. Similarly, zebrafish embryos exposed to the 
same concentration of sAgNPs in presence of 10 µg/ml and 50 µg/ml HA also showed a significant 
increase in YSE (69.2 ± 10.8% and 65.8 ± 13.8%, respectively), whereas 71.1 ± 4.7 % of YSE was 
observed in 200 sAgNPs (Figure 3.9B).  
Similar increases in YSE were also observed in embryos exposed to nAgNPs and sAgNPs 
in the presence and absence of saHA (Figure 3.9C and D). A significant increase in YSE of 70.3 ± 
29.6% and 100 ± 0% was observed in embryos exposed to 200 nAgNPs in the presence of both 10 
and 50 saHA, respectively. Likewise, embryos exposed to 200 nAgNPs showed a significant 
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increase in YSE of 96.7 ± 3.3%. Likewise, zebrafish embryos exposed to 200 sAgNPs also showed 
significant increase in the developmental of YSE (81.9 ± 13.5%). Spinal curvature and PE were 
also observed in some embryos when exposed to the higher dose of 200 µg/ml of nAgNPs and 
sAgNPs. However, no statistical significance was observed compared to the control.  
 
 
Figure 3.9. The effect of humic acid presence on Ag NP induced developmental deformities in 
zebrafish embryos. (A,B) Developmental deformity of zebrafish embryos exposed to nAgNPs and 
sAgNPs in presence of Suwannee River Humic Acid (srHA). (C,D) Developmental deformity of 
zebrafish embryos exposed to nAgNPs and sAgNPs in presence of Sigma-Aldrich Humic Acid 
(saHA). The asterisk indicates the significant differences in data compared with that of control. 
Data are presented as mean ± SEM (n = 4 - 7). Two way-ANOVA was used to calculate the 
significant differences (p ≤ 0.05) in developmental deformity.  
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CHAPTER 4 – DISCUSSION 
 
The rapid advancement in the field of nanotechnology has encouraged the use of NPs in 
various fields, including drug delivery, medical imaging and a variety of industrial products 
(Hoshyar et al. 2016). Among them, Ag NPs have been considered as a valuable NPs and are 
currently the most widely used NPs in consumer products due to their promising properties (Abdal 
Dayem et al. 2017). However, release and exposure of Ag NPs to the environment and its 
accumulation in aquatic environments is a major concern. In past studies, Ag NPs have been 
reported to be released from a range of consumer products into wastewater including from fabrics 
and clothing (Benn et al 2008; Geranio et al 2009; Benn et al 2010), washing machines (Farkas et 
al 2011), and shampoo and detergents (Benn et al 2010). 
After entering aquatic environments the behavior and toxicity of Ag NPs can be impacted 
by abiotic components of the environment, including pH, ionic strength, natural organic matter, 
sunlight, and by the properties of the Ag NPs (Cáceres-Vélez et al. 2019). Currently, most studies 
have only assessed the bioavailability and toxicity of Ag NPs to aquatic organisms such as rainbow 
trout (Massarsky et al. 2014; Schultz et al. 2012b), zebrafish (Asharani et al. 2008), Japanese 
medaka (Kim et al. 2013) and daphnia (Zhao & Wang 2011), in pristine lab conditions and very 
few studies have investigated Ag NP toxicity in more environmentally realistic conditions. 
Therefore, to understand the fate, behavior (aggregation, sedimentation and dissolution) of Ag NPs 
along with their toxicity mechanism in realistic aquatic environments (presence of humic acids, 
sunlight, etc.) further research is essential. 
This study was projected to assess the impacts of environmental abiotic factors including 
natural organic matter (humic acids) and sunlight (UV-A and UV-B) on Ag NP behavior and 
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developmental and cardiovascular toxicity in zebrafish embryos. However, due to the global 
pandemic of COVID-19, the detailed characterization of Ag NPs in the test media along with the 
experiments related to UV exposure were unable to be completed. Despite these challenges, this 
study was able to assess the impacts of Ag NP size and surface coating on  developmental and 
cardiovascular toxicity in zebrafish embryos. Furthermore, the influence of the humic acid 
presence on Ag NP toxicity in zebrafish embryos was well characterized. Overall, the results of 
this study indicate that Ag NPs are toxic to the developing zebrafish embryos in a concentration 
and size-dependent manner. Moreover, it was observed that different types of humic acids can 
either have no effect or a protective effect on Ag NP related toxicity in zebrafish embryos.  
 
4.1. Silver nanoparticle characterization and behavior in test media 
Both the 50 nm and 5 nm PVP-coated Ag NPs (nAgNP) were purchased from 
NanoComposix, Inc (San Diego, CA, USA), whereas, a non-coated Ag NP was purchased from  
Sigma Aldrich (sAgNP) to assess size and surface coating effects on NP behavior and toxicity. The 
average size and zeta potential of 50 nm PVP coated silver nanomaterials in milli-Q water as 
characterized by manufacturer was 42.– 64.2 nm and -55.0 mV. Previous characterization of the 
PVP-coated 50nm nAgNPs by Poudel (2019) revealed that they have a hydrodynamic diameter of 
48.1 ± 0.01 nm and 48.6 ± 0.3 nm in aquatics water and E3 media, respectively (Poudel, 2019), 
which corresponds to the manufacturer’s specifications. The 5nm PVP-coated nAgNP have also 
been previously characterized by (Campbell et al. 2019) in water by using DLS and showed a 
mean hydrodynamic diameter of 19.3 ± 9.2 nm, whereas, the zeta potential was - 12.5 ± 4 mV. The 
sAgNPs have been characterized previously by (Kim et al. 2017) and showed size and zeta 
potential 60.8 - 133 nm and -28.2 ± 2.4 mV, respectively. Further characterization of each Ag NP 
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in the presence and absence of the humic acids and artificial sunlight using dynamic light scattering 
and a Nanosight was planned for this study, however, it was unable to be completed due to lab 
closures during the COVID-19 pandemic. 
Several studies suggested the importance of considering environmental factors such as 
NOM and sunlight exposure to access the potential risk caused by NPs. (Cáceres-Vélez et al. 2019) 
demonstrate the presence of Sigma-Aldrich humic acid (saHA) increased the hydrodynamic 
diameter of Ag NPs in all experimental media tested as compared to Ag NPs without saHA, mainly 
after 48 h. In contrast, adsorption of Suwannee river humic acid (srHA) was found to decrease the 
hydrodynamic diameter of TiO2 NPs (Yang et al. 2013). In a study by (Ong et al. 2017), the 
hydrodynamic diameter of Ag NPs, zinc oxide NPs and single walled carbon nanotubes was 
observed to decrease in the presence of 10 mg/L srHA. However, in this same study the 
hydrodynamic diameter of cadmium selenide NPs was observed to increase in the presence of the 
srHA (Ong et al. 2017). The zeta potential of the NPs was also reported to become more negative 
in the presence of srHA. This negative zeta potential likely increased the electrostatic repulsion 
between NPs and negatively charge membranes indicating increased stability and aggregation of 
NPs in suspension. Moreover, (Gao et al. 2012) revealed that the negative zeta potential value of 
nano Ag srHA solution increased significantly at ≤10 mg/L of HA concentration and again 
decreased to -10 mV with increasing concentration above 20 mg/L. (Liu et al. 2013) observed 
minimal change in zeta potential of citrate-capped Ag NPs in presence of (-18±0.4 mV) and 
absence (-19±0.3 mV) of srHA. The effects of HA presence on NP aggregation, therefore, appears 
to NP specific and not all NPs appear to increase in size in the presence of HA’s. The concentration 
of HA present in the test media also appears to play an important role in NP behavior.  
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One of the major causes of Ag NP toxicity in aquatic organisms is due to the dissolution 
and release of Ag+ from the NPs. (Gunsolus et al. 2015) revealed that there is a minimal effect on 
Ag+ release when the NPs are in the presence of very high concentration of NOM (600  mg/L). 
The carboxylic group present in HA played a vital role in reducing Ag+ ion (Dong et al. 2020). 
Furthermore, the aggregation and dissolution of Ag NPs in aquatic environment depends upon the 
chemical composition of NOM and their toxicity to aquatic organisms is controlled primarily by 
the extent of their dissolution to Ag+ (Gunsolus et al. 2015).  
Detailed information on the characterization, stability and behavior of Ag NPs in aquatic 
test media and in the presence of abiotic factors is, therefore, very important for drawing the valid 
conclusions regarding the bioavailability and toxicity of NPs. Mechanistic details like uptake, 
persistence and biological toxicity of NPs inside the living cells are significantly influenced by the 
physical parameters of the NPs such as particle size, surface area, and zeta potential (Al-Awady, 
Greenway & Paunov 2015). The small size Ag NPs have larger surface areas (Li et al. 2012) which 
can cause greater toxicity due to enhanced bioavailability (Ivask et al. 2014). Moreover, it is easier 
to distribute smaller Ag NPs into embryos than the larger particles as the diffusion coefficient of 
single Ag NPs is inversely proportional to their size (Lee et al. 2013). If the Ag NPs were 
aggregating in the presence of the srHA and saHA, this would likely decrease their bioavailability 
and toxicity to the zebrafish embryos. Future experiments are necessary to characterize the Ag NPs 
in detail in the presence and absence of the HA’s to enable further conclusions regarding their 
uptake and toxicity.  
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4.2. Effects of silver nanoparticles on hatch rate 
Hatching of zebrafish embryos is largely governed by many endogenous and 
environmental factors, media conditions and chemical agents (Oliveira et al. 2020). In the present 
study, zebrafish embryos exposed to the different concentrations of 50 nm PVP-coated nAgNPs, 
50 nm non-coated sAgNPs, and PVP-coated 5 nm nAgNPs, had slight variations in hatching rates 
with respect to the control. The adsorption of NPs on the chorion of developing embryos can affect 
molecular transport between the internal and external environment and delay hatching or diminish 
survival (Pham et al. 2016). (Asharani et al. 2011) observed a drop-in hatching rate of zebrafish 
embryos by 30 ± 12.8% when they were exposed to 100 µg/ml of PVA-capped Ag NPs that had a 
size ranging from 5-35 nm. In another study by these authors, they also observed concentration-
dependent effects on hatching success of zebrafish embryo’s exposed to of BSA-coated and starch-
coated Ag NPs at a dose of 100 µg/ml (Asharani et al. 2008). The results of the current study are 
consistent with each of these previous studies. Furthermore, the delayed hatch of zebrafish 
embryos observed at 48 and 54 hpf when they were exposed to 200 µg/ml of sAgNPs is consistent 
with (Massarsky et al. 2013) studies, where both Ag NPs and Ag+ exposed embryos had 
significantly lower hatching rates at 48 hpf;  Ag+ was more effective and delayed hatching even at 
low concentrations. The delay in hatching may be due to Ag+ released from the dissolution of Ag 
NPs or may be a result of other inhibition processes. In a study by (Ong et al. 2014), Ag NPs were 
reported to decrease zebrafish hatching rate due to the inhibition of hatching enzyme ZHE1 by the 
activity of NPs. It is possible that a similar mechanism could be occurring in this study and requires 
further investigation. 
The size of Ag NPs may be another important factor affecting the bioavailability and toxic 
effects of the NPs in zebrafish embryos. This study demonstrated hatching delay in zebrafish 
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embryos also occurred in a size-dependent manner where 5nm nAgNPs showed more than 50 % 
reduction in hatch rate at an exposure concentration of 200 µg/ml. This was a greater effect in 
comparison to the larger sized 50nm nAgNPs. The size and coating of Ag NPs can alter the level 
of uptake, suggesting that embryos are more likely to absorb smaller NPs (<20 nm) than larger 
NPs (Bar‐Ilan et al. 2009; Mosselhy et al. 2016; Olasagasti et al. 2014). The uptake of Ag NPs in 
the zebrafish embryos was not assessed in this study, however, it is likely that there was a larger 
number of 5nm nAgNPs crossing the chorion and being taken up by zebrafish embryos compared 
to the larger Ag NPs. All zebrafish embryos were collected at the conclusion of the NP exposure 
experiments and NP uptake could be easily measured in the future using ICP-MS.  
 
4.3. Effect of Ag NPs on survival rate 
This study demonstrated that the higher concentration of both 50nm and 5nm PVP-coated 
nAgNPs (100 and 200 µg/ml) had the greatest effect on survival of zebrafish embryos. Interestingly, 
a mortality rate or 50% or greater was not observed at any of the doses tested in the current study 
demonstrating that the lethal concentration at which there is 50% mortality (LC50) was greater than 
200 µg/ml for all Ag NPs tested in this study. The zebrafish embryos, therefore, appear to be less 
sensitive to each of the Ag NPs and the mortality rates observed at the high Ag NP doses in this 
study are lower than the values reported in previous studies. (Xia et al. 2016) showed a dose-
dependent toxicity in zebrafish embryos exposed to 10 - 20 nm Ag NP prepared in deionized water. 
When embryos were exposed to 50 mg/L or 100 mg/L concentration of Ag NPs there was 100 % 
mortality at 24 and 48 hpf (Xia et al. 2016). Zebrafish embryos exposed to PVP 20 and PVP 100 
Ag NPs resulted in 96 hpf LC50 values of 1.34 and 2.57 mg/L, respectively (Liu et al. 2019). These 
values are a lot lower than those predicted in the current study. These discrepancies in survival rate 
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and LC50 values for zebrafish embryos may be due to differences in the size of NPs, surface coating, 
and the exposure media used for the studies. Smaller particles are known to be more bioavailable 
and toxic compared to that of larger size particles (Zapór 2016). In a previous study it was revealed 
that 20 nm citrate-coated nAgNP caused substantially higher Ag content in the gills of fish than 
110 nm NPs and gill NKA activity was decreased the greatest after exposure to the 20 nm Ag NPs 
(Osborne et al. 2015). A similar trend was observed in the current study with 5nm nAgNPs causing 
the higher mortality at both 100 and 200 µg/ml doses compared to the larger sized nAgNP and 
sAgNP. This observation is also consistent with (Qiang et al. 2020),  who showed that smaller 
sized 4nm Ag NP significantly enhanced uptake and caused more developmental toxicity in 
zebrafish embryos as compared to that of 10 nm Ag NPs (Ag NPs were purchased from Suzhou 
Cold Stones Technology Co, Lt and were coated with 10 -13% fatty acid).  
Interestingly, in the current study the sAgNPs were observed to have no effect on zebrafish 
survival, which is in contrast to other previous studies using Ag NPs purchased from Sigma Aldrich. 
(Lee et al. 2019) reported a decrease in survival rate of zebrafish embryos after 96 h exposure to 
10 mg/L of 10 nm sAgNPs. Similarly, zebrafish embryos exposed to 25 and 50 mg/l concentration 
of sAgNPs with size ranging from 5-20 nm, resulted in 50 % mortality after 72 h (Asharani et al. 
2008). This discrepancy in survival rate of zebrafish embryos may be due to differences in the size 
of NPs or the exposure media used for the experiments as the current study used aquatics water 
from the zebrafish aquatics facility. It’s possible that this water source has a higher ionic 
concentration that may have influenced NP behavior and bioavailability in the embryos. 
When investigating the potential toxicity associated with metal NPs it is also important to 
consider if the toxicity is associated with the NPs or the ionic metals they release over time. In a 
study by  (Bowman et al. 2012a), they showed that ionic silver is more toxic to developing 
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zebrafish embryos than Ag NPs at equivalent concentrations. Similarly, (Massarsky et al. 2013) 
reported that survival of zebrafish embryos was significantly decreased from 50% to almost 80% 
when they are exposed to 1.55 µg/ml AgNO3; where the calculated LC50 values at 96 hpf  was 0.07 
and 1.18 µg/L for Ag+ and Ag NPs, respectively. Poudel 2019 also demonstrated the 25.16%, 
47.5% and 52.5% of survival in zebrafish embryos exposed to 2.5 µg/ml, 1.25 µg/ml and 0.625 
µg/ml of AgNO3 concentration at 80 hpf. It is well known that ionic Ag causes toxicity in fish 
through the impairment gill Na/K-ATPase and carbonic anhydrase activity in their gills (Weis 
2014).  This results in the impairment of sodium regulation and eventually mortality in the aquatic 
animals (Kwok et al. 2016). Silver NPs have also been previously reported to decrease Na/K-
ATPase activity in rainbow trout gills and impair sodium regulation (Schultz et al 2012). The 
authors of this study also demonstrated that the impairment of Na/K-ATPase was caused by the 
NPs, themselves, and not ionic Ag released from the NPs (Schultz et al 2012). Furthermore,  (Choi 
& Hu 2008) revealed a strong relationship between Ag+ ion released from the NPs and mortality 
of Japanese medaka embryos may be due to the effect of ROS produced by Ag NPs which plays 
an important role in inducing toxicity. Future dialysis experiments should be conducted using the 
5nm and 50nm nAgNPs and sAgNPs to determine the concentration of ionic silver released over 
time in the aquatics media. This will assist in determining the mode of toxicity observed in this 
study. 
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4.4. Effect of AgNPs on heat rate 
A significant reduction in heart rate was observed in zebrafish embryos exposed to all Ag 
NPs in dose-dependent manner.  Previous studies have also shown Ag NPs interfere with regular 
cardiac functions. (Asharani et al. 2008) revealed decreased blood flow, cardiac arrhythmia and 
pericardial edema in zebrafish embryos exposed to 5-35 nm Ag NPs.  The decreased blood flow 
may reduce the essential nutrients, resulting in cell death and zebrafish mortality (Massarsky et al. 
2013) . Another study carried out by (Gao et al. 2016) on vascular toxicity of 50 nm PVP-coated 
Ag NPs, revealed a significant reduction in heart rate at 48 hpf and 72 hpf for the embryos exposed 
to both 1 mg/L and 10 mg/L of Ag NPs. It is possible that the Ag NPs could enter into the skin of 
zebrafish larvae which leads to the accumulation in blood vessels and possibly disrupt the 
cardiovascular function (Yeo & Yoon 2009).  
Study on vascular toxicity of 50 nm PVP-coated Ag NPs at 96 hpf showed that vascular 
toxicity was induced by AgNPs themselves by inhibiting the expression of genes within the VEGF 
signaling pathway resulting in delayed or abnormal vascular development (Gao et al. 2016). 
Moreover, the delay in embryonic vascular development in zebrafish embryos may be due to the 
interference in oxygen diffusion inside egg, resulting hypoxic condition and ER stress. Similar, 
results were obtained in zebrafish embryos exposed to increasing concentration of AgNO3 from 
0.156 µg/ml to 2.5 µg/ml showing significant decrease in heart rate in dose dependent manner 
(Poudel K 2019). However, in a study by (Xia et al. 2016) they showed no significant difference 
in heart rate of zebrafish embryos exposed to Ag NP (10-20nm) between exposure doses of 0 - 25 
mg/L, which may be due to the difference in properties of NP or media used in this study.  
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4.5. Effect of AgNPs on developmental deformities 
This study demonstrated that the increasing concentration of 50 nm sAgNPs, 50 nm and 5 
nm PVP-0coated nAgNPs had a greatest effect on the developmental defects of zebrafish embryos, 
especially yolk sac edema. Untreated control embryos produce no developmental deformities 
whereas YSE was readily observed in embryos exposed to a range of  Ag NP doses.  The 
developmental deformity result obtained from this study are consistent with previous studies. 
(Lacave et al. 2016) observed YSE as a most frequently observed malformation including 
pericardial edema, eye abnormality, spinal curvature and finfold abnormality when zebrafish 
embryos were exposed to 1 and 5 mg/L concentration of 40 and 100 nm maltose-coated Ag NPs. 
In another study,  increased levels of deformities such as PE, YSE, Opaque Yolk, spinal curvature 
and jaw malformation were reported in zebrafish embryos exposed to 10 and 50 nm amine 
modified Ag NPs; commonly observed YSE, notochord malformation and heart malformation 
(Chen et al. 2020). Furthermore, (Khan et al. 2019) reported dose and time-dependent deformities 
in zebrafish embryos when they were exposed to different concentrations of RU-Ag NPs having 
size range of 20-25 nm. Similarly, exposure of 10 and 50 mg/l of PVP/PEI coated 5 nm Ag NP 
caused 3.3% and 13.3 % malformed embryos, out of which 3.3 % had PE edema after exposer to 
10 mg/L concentration (Orbea et al. 2017). Another study demonstrated a significant increase in 
the teratogenicity rate (bent tail, bent trunk) after exposure to 10 nm sag NPs (Yoo et al. 2016). 
However, (Muth-Köhne et al. 2013) showed that exposure to Ag NPs (<20 nm) at 48 hpf , decrease 
the egg yolk sac size which is opposite to our findings.  Collectively, the results of the current 
study highlight the importance of assessing sub-lethal toxicity effects in zebrafish embryos as they 
may be present when acute toxicity is not observed, as was seen with the sAgNPs in this study.  
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4.6. Effects of Humic Acid on silver NPs Toxicity in Zebrafish Embryos 
In this study it was observed that the presence of HA can either have no effect or a 
protective effect on Ag NP related toxicity in zebrafish embryos depending on the type of HA 
being tested. Exposure of zebrafish fish embryos to a higher concentration of nAg NPs in the 
presence of srHA was able to restore the survival near to the control. In contrast, the presence of 
saHA had no protective effect on nAgNP toxicity in zebrafish embryos. This discrepancy may be 
due to the difference in the chemical composition of humic acid; srHA was obtained naturally from 
the Suwannee River, whereas saHA was chemically synthesized in the laboratory. (Gunsolus et al. 
2015) reported that interaction of natural organic matter (NOM) depends upon the chemical 
composition of NOM,  showing nitrogen rich NOM significantly increase colloidal stability of 
NPs. It is possible that the Ag NPs were binding to the swHA a greater amount compared to the 
saHA and formed larger aggregates that decreased their bioavailability and toxicity to zebrafish 
embryos. This needs to be explored in greater detail in the future. 
It is believed that adsorption of HA on NPs can impact the particle dispersion resulting in 
alternation of bioavailability and toxicity. (Gao et al. 2012) revealed linear decrease in toxicity of 
50 g/L Ag NPs (20-30 nm) in Daphnia with increase in srHA (<10 mg/L) due to dispersion of Ag+ 
ion and their binding with HA. Another study carried out by (Manoharan, Ravindran & Anjali 
2014) on interaction of saHA (5 ppm) and 100 nm sAgNPs (5 ppm) revealed that saHA binds both 
Ag NPs and Ag+ ions; Ag NPs binding with HA continue to release ions resulting in the decrease 
in size of Ag NPs which may have a different environmental fate due to change in physical, 
chemical and surface properties.  
In a different study carried out by (Ding et al. 2019), the authors showed that the interaction 
of HA with Ag NPs modify its behavior and toxicity to organisms, suggesting that HA caused Ag+ 
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to be reduced to Ag0. Also, it is suggested that covering of 5 mg/L concentration of sAgNPs (<100 
nm) by saHA may decrease the release of Ag+ ions in aqueous system that might prevent 
penetration into embryos (Kim et al. 2013). saHA are suggested to oxidize the surface of NPs and 
increase the concentration of Ag+ ions in the media, which may create intermolecular bridging 
with the released Ag ions; resulting in reduction of negative charge causing toxicity in zebrafish 
(Cáceres-Vélez et al. 2018). Furthermore, (Yang et al. 2013) reported that adsorption of srHA 
reduced uptake of TiO2 by increasing the suspension stability.  
In the current study it was observed that saHA did not play a protective role to reduce the 
toxicity of Ag NPs to exposed zebrafish embryos. In contrast,  (Cáceres-Vélez et al. 2019) revealed 
lower toxicity of sAgNPs in presence of 20 mg/L concentration of saHA (LC50: 40.56 mg/L) as 
compared to sAgNPs only (LC50 = 25 mg/L), when they were exposed to sAgNPs; showing higher 
concentration of Ag in zebrafish bodies exposed to sAgNPs only than to sAgNPs + saHA. This 
result is further supported by the studies of (Cáceres-Vélez et al. 2019), which revealed that the 
saHA improve the stability of sAgNPs by decreasing its hydrodynamic diameter. This discrepancy 
in the survival of zebrafish embryos may be due to the differences in particle properties such as 
size and surface coating.  
Although, this study demonstrates that srHA reduced the mortality of zebrafish embryos, 
sublethal toxicity of Ag NPs observed in terms of cardiovascular and developmental defects needs 
further research.  Based on this study and considering the above, it is hypothesized that naturally 
occurring HA (Suwannee River) have a protective effect on Ag NP exposure and prevent acute 
toxicity whereas chemically synthesized HA (Sigma HA) did not play a role to reduce the acute 
toxicity of AgNPs.  
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4.7. Conclusion 
In summary, this study demonstrates that the surface coating and NP size influence the 
toxicity of Ag NPs in zebrafish embryos. The  PVP-coated Ag NPs caused a decrease in hatch rate, 
survival rate, and developmental defects (mainly yolk sac edema in zebrafish embryos), depending 
upon the concentration and size of the NPs. This also study demonstrates that cardiovascular 
impairment is associated with Ag NP exposure in zebrafish embryos in dose-dependent manner. 
Furthermore, the presence of naturally occurring Suwannee River humic acids have a protective 
effect on Ag NP exposure and prevented acute toxicity in zebrafish embryos, however, sublethal 
toxicity such as developmental defects and decreases in heart rate were still observed. The Sigma 
Aldrich humic acid did not have a protective effect. The findings suggest that it is very important 
to select appropriate humic acid standards, such as Suwannee River humic acid, to include in 
aquatic nanotoxicology research experiments and to identify the NP behavior and toxicity in more 
environmentally realistic conditions. Previous studies have demonstrated that humic acid can 
influence NP behavior by either increasing or decreasing the aggregation of NPs, but this is NP 
specific. It is possible the Suwannee humic acid resulted in aggregation of Ag NPs in this study 
and decreased their bioavailability and toxicity, however, this requires further investigation.  A 
combination of both acute and sub-lethal toxicity endpoints is also important when assessing the 
potential toxicity of NPs to aquatic organisms in the presence and absence of abiotic factors, such 
as humic acids. Only assessing acute toxic effects may miss other long-term sub-lethal NP toxicity 
in aquatic organisms.   
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4.8. Future research 
Due to the global pandemic of COVID-19 crisis, this study could not fully complete several 
of the experiments that were originally planned for the project including, full characterization of 
the Ag NPs in aquatic test media, effects of humic acids on Ag NP behavior, the 5nm nAgNP 
experiments to assess NP size effects on toxicity in zebrafish embryo in the presence and absence 
of humic acids, and the effects of Ag NPs on blood vessel formation (imaging of alkaline 
phosphatase stained embryos). Each of these experiments will need to be finalized in the future 
when research laboratories re-open. Future research can also be conducted that investigates the 
influence of other important abiotic factors such as sunlight (UV-A and UV-B exposure) and 
temperature on Ag NP behavior and toxicity in zebrafish embryos. It would also be valuable to 
conduct experiments using a combination of these treatments (e.g. humic acids and artificial 
sunlight) to assess Ag NP behavior and toxicity in more realistic aquatic environments to more 
accurately predict the environmental impacts of Ag NPs.  Furthermore, future research could also 
investigate the effects of Ag NPs on the expression level of genes involved in the stress response 
and cardiovascular system development in zebrafish embryos to identify the mechanisms of 
cardiovascular toxicity observed in this study. 
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